• Previous work suggests cranial cannulation can impair memory.
Introduction
Intracranial cannulations are routinely used to deliver pharmacological agents directly into the brain, both to ensure targeted action and to avoid difficulties with permeability across the blood brain barrier [1] . Compounds that are being investigated for memory and learning enhancing properties (nootropics) are commonly delivered via this route. Often the claims resulting from this are that the specific nootropic agents are able to enhance 'normal' memory function. Studies investigating rescue in a memory-deficit or brain-damage model generally involve the infusion of a compound to induce neuronal dysfunction or cell death, such as scopolamine [2] or kainic acid [3] . Given the invasive nature of intracranial cannulations it is possible that the surgical procedure itself could be causing significant damage to the brain and already causing an impaired state. Indeed, cognitive deficits resulting from both traumatic brain injury are well documented in the literature in both humans [4, 5] and animal models [6] and it is possible that these effect are mediated by inflammatory cytokines given that inflammation has been associated with memory deficits [7] . In particular both TNF-␣ and IL-6 are upregulated following injury and have been associated with cognitive impairments [8] [9] [10] .
The detrimental effects of common surgical procedures on memory function have already been demonstrated with implan- tation of a metal cannula into the striatum [11] and insertion of an electrode into the subthalamic nucleus [12] . These impairments become especially relevant considering that the cellular and molecular mechanisms that govern 'normal' memory enhancement and those that are involved in rescuing a memory deficit may be completely distinct, particularly when attempting to elucidate the potential mechanisms of the nootropic agents. Thus, the present study sought to investigate the behavioural and cellular effects of an indwelling cannula implanted unilaterally into the lateral ventricle, a common route of nootropic compound delivery [1, [13] [14] [15] . This route of delivery causes the cannula only to pass through the motor and somtaosenory cortices, thus it is possible that memory will not be affected. Further we sought to assess the pathological damage resulting from the surgery in terms of the level and spatial spread of immune cell activation and cytokine expression.
To assess memory, the spontaneous alternation task (SAT) and novel object recognition task (NOR) were chosen. The SAT is largely hippocampal dependant task [16] and is a measure of spatial working memory while the NOR is a measure of recognition memory and while dependent on a diverse number of brain regions also requires the hippocampus [17] [18] [19] . Both of these tasks were chosen as they are common choices for testing nootropic agents and the NOR in particular chosen to provide a direct comparison with earlier studies investigating memory in response to surgical procedures.
Methods

Surgery
Male Sprague Dawley rats (270-310 g, 7-8 weeks old) were housed in groups of 4 with ad libtum access to standard rat chow and water until time of surgery (All research conducted in this study was approved by the Monash University Animal Welfare Committee (MUAWC) under the Monash Animal Research Platform (MARP) 2011/117 application and performed according to the National Health and Medical Research Council of Australia "Code of practice for the care and use of animals for scientific purposes"). On the day of surgery, rats (n = 24) were anaesthetized with 5% (v/v) isoflurane before being placed in a Kopf stereotaxic frame and then maintained at 2% (v/v) isoflurane for the remainder of the surgery. Rats were implanted with an indwelling cannula (22 gauge from Plastics One; USA) in the right cerebral ventricle using the following flat skull coordinates; 0.8 mm posterior to Bregma, 1.5 mm lateral to the midline and 3.5 mm ventral to the surface of the skull (Fig. 1) . The cannula was secured to the skull with a stainless steel screw and dental cement. During brain collection it was confirmed that the screw did not penetrate the dura. 1 mg/kg intraperitoneal Meloxicam was given during surgery and rats supplied with 15 mL of 200 mg/kg paracetamol in 10% sugar water for two nights postsurgery as analgesia. Control rats (n = 22) received no treatment or anaesthesia.
All rats (both control and cannulated) were individually housed post-surgery and handled daily for 5 min to familiarise them with human contact. All rats performed the spontaneous alternation task on day 6-post surgery and the novel recognition task on days 7 and 8. Of these animals a smaller subset completed the elevated plus maze on day 8. A second subset performed the initial rotarod task one day prior to surgery and the second trail on day 6. Prior to each behavioural task the rats were acclimatised to the testing room for 40 min. Further, the testing apparatus in each case was sprayed and wiped down with 80% ethanol before the rat began the task to remove olfactory cues. All tests took place in the same room with diffuse dim lighting; the testing area itself consisted of 3 white walls and a white curtain behind which the experimenter sat during the experiments. Change in max running speed on the rotarod task by control and cannulated rats. All rats were able to reach the max speed of 30 rpm prior to the surgery day. When tested post surgery cannulated rats showed a greater reduction in motor coordination in the second trial compared to control animals (p = 0.038). Data represented as mean ± SEM, P value determined by unpaired t-test. Fig. 3 . Performance in the novel object recognition task by control and cannulated rats Both groups displayed a preference for exploration of the novel object, indicating they were able to recall the familiar object, though there was no difference in the recognition index between each group (p = 0.44). There was no difference between groups in the amount of time spent exploring the objects in either the (b) 5-min familiarisation trial (p = 0.5) or (c) 2-min test trial (p = 0.22) Data represented as mean ± SEM, P value determined by unpaired t-test.
Elevated plus maze
The elevated plus maze consisted of four arms 70 (long) × 10 (wide) cm with two 'open' arms opposite each other having walls of clear Perspex 5 cm high and two 'closed' arms with 27 cm high grey Perspex walls. The floors were white laminate. The maze was elevated 85 cm above the ground. Rats were placed in the central platform facing one of the open arms, and behaviour was monitored for 5 min. The ratio of time spent exploring the open arms vs. the closed arms was used as a measure of anxiety.
Spontaneous alternation task
The plus maze had four arms measuring 75 (long) × 10 (wide) × 20 (high) cm and visual cues placed 1 m away from the maze on opposites of the centre intersect. The floor of the maze was white plastic while the walls were black. The test was performed by placing the rat in the centre of the maze (all animals placed facing the same arm) and allowing 20 min of unimpeded exploration. The number and sequence of arm entries were recorded for calculation of a precent alternation score. An alternation consisted of 4 different arm choices in 5 consecutive arm entries. Dividing the number of observed alternations in overlapping quintuplets by the number of possible alternations and multiplying the quotient by 100 calculated an alternation score.
Novel object recognition task
Prior to the acquisition trial, the rats were habituated for 30 min in the testing box (made from grey Perspex of dimensions 60 × 60 × 50 cm) in diffuse dim light and then returned to their home cage for 30 min. During the familiarisation trial, rats were placed in the box facing away from two identical objects that had been secured to the floor in adjacent corners (with enough room to allow complete movement around them) of the box. Rats were allowed 5 min to explore the objects and exploration time recorded, with exploration defined as the nose being less than 2 cm from the object when facing the object and actively engaging with it (sniffing, paw touching etc.). Climbing on the object was not considered as exploration.
After an inter-trial interval of 3 h, one of the familiar objects was replaced with a novel object made from the same material but of a different shape replaced one of the objects. During this test trial, the rats were given 2 min to explore the box. The recognition index was determined as the time spent exploring the novel object minus the time spent on the familiar object, divided by the time spent on both objects. Rats were excluded from analysis if they spent less than 30 s exploring the objects during the familiarisation trial or less than 5 s exploring the objects in the test trial. Under these criteria, 8 animals were excluded from the control group and 4 from the cannulated group.
Rotarod
Each rat was placed on a rotarod consisting of a motorised cylindrical assembly of 18 stainless steel rods capable of rotating at a maximum speed of 30 revolutions per minute (rpm) (Ratek, Australia). For the animal to maintain an upright position on the rotarod, it had to grip the rods and keep "walking" as the rods rotated. Starting at 6 rpm the speed was increased by 1.5 rpm increments every 3 s until 30 rpm was reached. In the case that a rat gripped the rods but did not walk so that it rotated with the device, or fell off the device, rotation was stopped, the speed was decreased by 1.5 rpm, the rat was replaced on top of the rotarod and rotation was resumed. Rats were given three attempts to reach maximum speed and the fastest speed at which they could maintain an upright position on the rotarod for 3 s was recorded. Each rat was tested one day prior to surgery and again 6 days post surgery and the change between these scores used to assess the level of motor impairment.
Immunohistochemistry
Following performance of the NOR (eight days post surgery) rats were anaesthetized by intraperitoneal injection of sodium pentobarbital (20 mg/kg) before being perfused transcardially with ice-cold phosphate buffered saline (PBS) and then ice-cold 4% (w/v) paraformaldehyde, 4% sucrose (w/v) in PBS (pH 7.3). Animals were decapitated, the cannula removed and the brains rapidly harvested before being placed in the same fixative for 24-h, cryoprotected by immersion in 30% (w/v) sucrose overnight at 4 • C and then snap frozen in isopentane on dry ice and stored at −80 • C Twelve-micron coronal sections were cut using a cryostat and thaw mounted onto gelatin-chrom-alum coated slides. Sections were incubated with 10% (v/v) normal donkey serum in PBS with 0.3% (v/v) Triton-X-100 for 1 h at room temperature to block nonspecific binding of the antisera. Sections were then incubated overnight at 4 • C with the following primary antibodies; rat anti-GFAP (Life Technologies), rabbit anti-CD-11b (Serotech) and mouse anti-NeuN (Life Technologies), all at 1:500 dilution in 3% (v/v) normal donkey serum in PBS with 0.3% (v/v) Triton-X-100. Sections were then washed three times with PBS containing 0.1% (v/v) Tween-20 and secondary antibodies applied in PBS; Alexa 488 anti-rabbit and Alexa 568 anti-rat (Introvogen). Sections were coverslipped with DAKO containing DAPI prolong gold (Life Technologies).
RT-PCR
Eight days post-surgery, rats were anaesthetized by intraperitoneal injection of sodium pentobarbital (20 mg/kg) until the heart just ceased beating. Eye and toe reflexes were checked to be absent before a cervical dislocation was performed, the cannula removed and the brain rapidly dissected on ice. For the cortical sample, tissue immediately surrounding the cannulation site was taken as well as tissue taken from the contralateral hemisphere in the corresponding location. The hippocampus was also dissected and divided into ipsi-and contra-lateral sides for the animals that had received surgery. For control tissue, tissue was taken from the same points although the hemispheres were collected together in this case.
Total RNA was extracted from dissected tissues (25 mg) stored at −80 • C using Trizol reagent (Life Technologies) according to the manufacturer's protocol. RNA quantity and quality were determined using A 260 /A 280 readings by NanoPhotometer (Implen). For RT-PCT, two microgram of RNA was reverse transcribed into cDNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). For RT-PCR, the synthetized cDNA was used as a template for PCR reactions using TaqMan Fast Advanced Master Mix (Applied Biosystems) and appropriate TaqMan Gene Expression assay (Applied Biosystems). The TaqMan probes have the following identification number: 45 S (Rn03928990 g1), GFAP (Rn00566603 m1), CD-11b (Rn00709342 m1), TNF-␣ (Rn00562055 m1), and IL6 (Rn01410330 m1). Relative quantification of gene expression was performed by comparative threshold (CT) method (calculated by the 2 − CT method). Changes in mRNA expression levels were calculated following normalization to the housekeeping gene 45S. 
Statistical analysis
Statistical tests performed in Grahpad Prism 6 and described under each figure as appropriate.
Results
We sought to evaluate the impact of a unilateral intracerebral ventricular cannulation on cognition in two separate behavioural tasks, a four-arm spontaneous alternation task to assess spatial working memory (Fig. 2) and the novel object recognition task to assess object recognition memory (Fig. 3) . Each of these tasks engages brain regions beyond the hippocampus thus allowing a more definitive investigation of whether specific memory processes are affected by the cannulation. Here we saw that there was no difference in performance on either of the tasks indicating that the cannulation process does not affect memory one week post-surgery.
The cannulation surgery represents a stressor to the rats and could them to be anxious during the testing period, which would impact performance. In the elevated plus maze both groups spent an equal amount of time in the open and closed arms indicating no differences in anxiety (Fig. 4) .
Considering that the cannula descended through the motor cortex before reaching the ventricle we were also concerned that the motor function of the animals could be affected. Using the accelerating rotarod we noted a slight impairment of fine motor coordination (Fig. 5) . We do not believe that this adversely affected performance of the memory tasks as the number of arm entries in the SAT (Fig. 2) and the total exploration time in the NOR (Fig. 3) were the same between both groups.
Examining the damage resulting from the cannula implantation at a cellular level we noted a population of activated astrocytes and microglia at the base of the cannula, as indicated by the GFAP and CD-11b staining respectively, while there was also what we speculated to be a thin layer of scar tissue formed along the tract of the cannula insertion (indicated by the *) (Fig. 6a,c) . Importantly this inflammation did spread laterally from the cannulation site and there was no evidence of inflammation on the contralateral Fig. 9 . mRNA expression of GFAP, CD-11b, TNF-␣ and IL-6 in both the cortex and hippocampus of control and cannulated rats as determined by RT-PCR. n = 5 controls and 9 cannulated animals. ** P < 0.01, 1-way ANOVA with post-hoc Bonferroni (separate for each cortex and hippocampus).
side of the cortex (Fig. 6b,d) . The characteristic activated/reactive state of both astrocytes (as indicated by the mossy structure) and microglia (as indicated by the ameboid structure) can be observed in the higher magnification images (Fig. 7a,b) Staining for NeuN was also performed in order to visualise the extent of neuronal loss surrounding the cannula. While there is a clear area of cell death at the base of cannula corresponding to the population of activated immune cells, live neurons can be seen right up to the edge of the cannula tract (Fig. 8) .
RT-PCR was also performed to assess the levels of inflammatory cytokines in the cortex and the hippocampus. Correlating well with the immunohistochemistry there was an upregulation of both GFAP and CD-11b mRNA in the area of cortex directly surrounding the cannula tract while there was no change in the contralateral hemisphere or hippocampus. No upregulation of the inflammatory cytokines TNF-␣ or IL-6 was noted in either cortical hemisphere or hippocampus (Fig. 9) .
Discussion
The present study demonstrated that both spatial working memory (as assessed by the SAT) and recognition memory (as assessed by the NOR) were unaffected one week after the implantation of an indwelling cannula into the lateral ventricle (Figs. 2 and 3 ). This was supported by the relatively small amount of neuronal cell death (Fig. 8) , limited spread of immune cell activation from the cannulation site (Fig. 6 ) and the lack of inflammatory gene upregulation in any area (Fig. 9) .
We also addressed two areas that could have possibly confounded the study. Given the stressful nature of the surgery procedure it is possible that the rats may have been more anxious during the testing phase, however we observed no difference in anxiety (Fig. 4) . While the rats did display a reduction in motor coordination (Fig. 5) this is unlikely to have affected performance on the memory tasks as indicated by the changed number of arm entries in the SAT (Fig. 2) and the same total exploration time in the NOR (Fig. 3) . The deficit was likely due to the passage of the cannula through the motor cortex ( Fig. 1 ) and the presence of localised immune cell activation with the area.
As inflammation has previously been linked to cognitive deficits we used RT-PCR to quantify the levels of immune cell and inflammatory cytokine expression. As seen in Fig. 9 (and in line with the immunohistochemistry seen in Fig. 6 ) there is an increase in the expression of activated astrocytes and microglia, however the absence of the upregulation of either inflammatory cytokine around the cannulation site (Fig. 9) demonstrates the relatively benign nature of the surgery. Further, it parallels evidence from both stroke [20] and trauma [21] studies demonstrating that both TNF-␣ and IL-6 are trending downwards or have returned to baseline levels 7 days post-insult. Both these and the histological results imply a very localised inflammatory response that does not extend beyond the immediate site of cannulation. This is supported by the lack of neuronal cell death, also in line with previous studies which have examined the cellular response to implanted devices [22] . Inflammation in humans [23] , and animal models [7] have been linked to memory impairments, however these are often chronic and sustained whereas the relatively acute nature of the insult in the current study and moderate spatial spread of activated immune cells likely explains why no cognitive deficit is observed here.
Comparison with previous behavioural studies
A number of studies have examined the impact of a number of surgical procedures on brain function, however only two have explicitly examined whether cognitive processes including memory are adversely affected [11, 12] . Both these studies detected impairment in recognition memory in contrast to the current study.
Both previous studies have performed pre-and post-surgery behavioural tests [11, 12] , while the present study only involved testing post-surgery. Pre-testing was deemed unnecessary given that the control animals did not receive either anaesthesia or surgery of any kind and reflect the animals in an unchallenged state. Secondly, testing of animals multiple testing of the same behavioural task introduces an element of learning that is avoided in this study.
The first parallel to the current study was a striatal microdialysis cannulation, which noted impairment in recognition memory as well as reduced glucose uptake in several regions including the caudate, thalamus and frontal, motor and sensory cortices [11] . The second was a bi-lateral implantation of electrodes into the subthalamic nucleus, which also caused neuroinflammatory responses in several regions of the brain including the entorhinal, parietal and frontal cortices [12] . One of the key differences between these and the current study is relative severity of the surgical procedure. The study by Frumberg and colleagues [11] descended 6 mm below the surface of the skull and deep into the caudate while Hirshler and colleagues [12] performed bi-lateral electrode insertions beginning 3 mm anterior to bregma at a 38 • angle and ending 3 mm posterior, passing through prefrontal cortex, striatal areas and the thalamus before terminating in the subthalamic nucleus. In both cases, areas implicated in memory and learning may have been damaged by the cannula/electrode passage and/or subsequent inflammation. By comparison, the i.c.v cannulation used here only descended 3.5 mm into the brain and passed through motor/somatosensory cortex. Thus while direct comparison is difficult, it could be argued that fewer areas (specifically those associated with memory) are damaged by this procedure, which could account for the lack of cognitive deficit.
While the present study was designed to mimic previous work and as such did not feature volume infusion in addition to cannulation. Given that the ventricles are a fluid filled space, as opposed to a neuron dense region such as the striatum, it is unlikely that the addition of a small volume (2 L being common [1] ), would cause structural damage and adversely affect cognitive performance. However, the possibility cannot be ruled out, particularly if a constant infusion is performed, and as such future studies should be directed towards examining this.
The effect of isoflurane
While one of the more common anaesthetics used in animal surgeries, isoflurane has been linked to memory deficits in rodents [24, 25] , though this has been disputed by others [26, 27] . The current study chose to examine the surgical procedure as a whole, rather than just the effect of the cannulation, thus the choice to not subject control animals to anaesthesia could be a point of contention. While not specifically designed to investigate the effect of anaesthesia, this work does support the notion that there is no lasting memory impairment caused by isoflurane. However this could also be due to the relatively short duration of exposure with surgery lasting 25-30 min, in contrast to most previous studies, which examined exposure times of at least 2 h.
Conclusion
The current study demonstrates that while an inflammatory response may be mounted following implantation of a cannula into the lateral ventricles, it appears to be spatially restricted around the site of the cannulation and is not sufficient to adversely affect cognition. This has implications for studies that seek to deliver nootropic agents into the ventricles in order to improve memory and learning and indicates that any outcomes are due to direct positive effects on 'normal' cognition rather than rescue from a damage state.
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